Experiments were conducted to study populations of indigenous microorganisms capable of mineralizing 2,4-dinitrophenol (DNP) in two soils. Previous kinetic analyses indicated the presence of two coexisting populations of DNP-mineralizing microorganisms in a forest soil (soil 1). Studies in which eucaryotic and procaryotic inhibitors were added to this soil indicated that both populations were bacterial. Most-probablenumber counts with media containing different concentrations of DNP indicated that more bacteria could mineralize low concentrations of DNP than could metabolize high concentrations of it. Enrichments with varying concentrations of DNP and various combinations of inhibitors consistently resulted in the isolation of the same two species of bacteria from soil 1. This soil contained a large number and variety of fungi, but no fungi capable of mineralizing DNP were isolated. The two bacterial isolates were identified as a Janthinobacterium sp. and a Rhodococcus sp. The Janthinobacterium sp. had a low lLmax and a low Km for DNP mineralization, whereas the Rhodococcus sp. had much higher values for both parameters. These differences between the two species of bacteria were similar to differences seen when soil was incubated with different concentrations of DNP. Values for ILmax from soil incubations were similar to I.max values obtained in pure culture studies. In contrast, Ks and Km values showed greater variation between soil and pure culture studies.
Microorganisms capable of mineralizing toxic organic chemicals are found in many natural environments, even those not usually exposed to xenobiotic chemicals (3, 19, 20) . The study of these naturally occurring organisms is important in understanding the potential for detoxification of soils and waters contaminated with toxic organic chemicals. Kinetic analyses of natural assemblages are also dependent on a knowledge of the diversity of microbial populations that are degrading a particular chemical. Most models for the characterization of biodegradation kinetics are based on the assumption that one population is responsible for the degradation observed (5, 16, 17, 22, 25) . Such an assumption may not always be correct, however. Lewis and colleagues (9, 12, 13) have argued that kinetics of biodegradation in aquatic systems are sometimes best described by multiphasic kinetics. Multiphasic kinetics would be expected to occur when more than one population of microorganisms capable of mineralizing the compound or a single population possessing multiple uptake systems for the chemical is present in the environment. Few studies have been done to determine the cause of the multiphasic kinetics observed in a given system. Some previous work has indicated that multiphasic kinetics occur in the biodegradation of some organic chemicals in soil systems (15, 20, 24) . A previous study of a soil from an undisturbed coniferous forest suggested the existence of two distinct populations of microorganisms capable of mineralizing 2,4-dinitrophenol (DNP) (20) . The evidence for two populations capable of mineralizing DNP in this soil consisted of results from kinetic analyses of mineralization curves. Parameters such as maximum specific growth rate (r or ILmax) varied with substrate concentration (20) . Although this was good preliminary evidence for the existence of two populations, caution should be exercised in cases where results from curve-fitting procedures are the only support for a hypothesis. For example, Schmidt et al. (21) have demonstrated that parameters obtained from fitting curves to mineralization data can lead to erroneous conclusions about the behavior of microbial populations involved in the mineralization process. Thus, the present study was undertaken to characterize the two populations that were predicted to exist by our previous modeling efforts. To do this, studies with specific inhibitors were used in conjunction with direct isolation procedures and kinetic analyses.
MATERIALS AND METHODS
Soil. The soils used in this study were the same as soils 1 and 2 used by Schmidt and Gier previously (20) . Soil 1 is an organic soil from a coniferous forest near the University of Colorado Mountain Research Station in Boulder County, Colo., and soil 2 is a sandy loam from a meadow along Boulder Creek near the University of Colorado campus, Boulder, Colo. Samples of the soils were analyzed at the soil testing laboratory at Colorado State University, Fort Collins, Colo. An NH4HCO3-diethylenetriaminepentaacetic acid extract was used to obtain P, K, Zn, Fe, Mn, and Cu measurements; a KCl extract was used for NH4+-N determinations; and the percentage of organic matter was determined by ashing. Previously unpublished characteristics of these soils are presented in Table 1 .
Soil incubations. Soil samples equivalent to 30 g (dry weight) of soil were placed in 250-ml biometer flasks (2) with enough deionized water to bring the soil up to 50% of field capacity. After incubating the flasks overnight, DNP was added in enough deionized water to bring the soil to a final moisture level of 70% of field capacity. The total amount of solution added to each soil sample was 10.25 ml. Each flask (20) . An MPN Pure cultures. Enrichments were done by incubating samples of soil with various concentrations of DNP followed by streaking on DNP-agar plates containing the inorganic salts, yeast extract, and soil extract in the concentrations given above and 2.5, 10, or 100 ,ug of DNP per ml. Organisms were also isolated from wells of MPN plates in which DNP degradation had occurred and by using liquid culture enrichment procedures (8) . A Rhodococcus sp. and an unpigmented strain of Janthinobacterium sp. were isolated from soils that received high (100 pRg/g) or low (1 p.g/g) concentrations of DNP, respectively. Both organisms were maintained on DNP-agar plates, and the cultures used in all experiments were never subcultured onto rich laboratory media such as nutrient agar. Identification of organisms was done by using standard techniques (6, 8, 26) . In addition, fatty-acid profile analyses were done on each strain by Microbial ID, Inc. (Newark, Del.)
Preliminary growth tests were done to optimize the DNP medium for each organism. For the experiments reported in this paper, the Rhodococcus sp. was grown in a liquid medium containing reagent-grade DNP, 480 xg of Na2HPO4, 500 ,g of KH2PO4, 40 p.g of NH4Cl, 10 p.g of MgSO4 -7H20, 10 ,ug of CaCl2, and 1,000 ,ug of purified agar (Difco) per ml of solution. The Janthinobacterium sp. was grown in the same liquid medium except that 5 jig of yeast extract (BBL, Cockeysville, Md.) per ml was added (8) and the purified agar was deleted. Pure culture experiments were conducted in 250-ml glass-stoppered Erlenmeyer flasks containing 100 ml of liquid medium and incubated at 24 + 20C. 14C-labeled DNP and unlabeled DNP were added to the experimental flasks to give the desired DNP concentration and an activity of at least 10,000 dpm/ml. Mineralization was measured by using a modification of the technique of Schmidt et al. (21) . At regular intervals during an experiment, a 3-ml sample was acidified with one drop of concentrated sulfuric acid. Subsamples (1 ml) were then added to 4-mi Omni vials (Wheaton) along with 2.5 ml of ScintiVerse II cocktail (Fisher). Radioactivity was determined by using a Beckman LS-3133T liquid scintillation counter. Disappearance of DNP in pure cultures was also measured by using a model DMS 100 spectrophotometer (Varian Associates, Palo Alto, Calif.) set at 260 nm. Data from the mineralization experiments were analyzed by nonlinear regression (17, 25) by using models described in previous soil studies (20, 23) . The specific models used in this study were the logistic equation (25) and the first-order (pseudo-first-order) model (22, 25) for soil incubations and the Monod equation (25) 56, 1990 2694 SCHMIDT AND GIER 3 5 Euc. inhibitorsbio inhibition as those presented, except that the magnitude of the effect was not as great. The results from three typical experiments are shown in Fig. 1 through 3 . Eucaryotic inhibitors increased the extent of mineralization of 0.1 ,ug of DNP per g of soils 1 and 2, whereas procaryotic inhibitors decreased the extent of mineralization in both soils ( Fig. 1  and 2 ). Kinetic analyses of the data presented in Fig. 1 indicated a significant decrease in the rate constant for DNP mineralization in soil 1 treated with procaryotic or both types of inhibitors, whereas the rate constant for DNP mineralization was the same in the control (no inhibitors) and the soil receiving eucaryotic inhibitors (Table 2) . In soil 2, 0.1 p.g of DNP per g of soil caused growth of the DNP-mineralizing population, and consequently the logistic equation was the model of best fit to the data. As with soil 1, however, procaryotic inhibitors and a combination of both types of inhibitors caused a significant decrease in the rate constant for DNP mineralization in soil 2 ( Table 2 ). At a DNP concentration of 100 ,ug/g of soil 1, procaryotic inhibitors decreased the extent of mineralization whereas eucaryotic inhibitors had no effect on DNP mineralization compared to the control (i.e., no inhibitors) (Fig. 3) . To verify the effects of inhibitors on the DNP-mineralizing populations, MPN analyses were carried out. Table 3 shows the results of MPN analyses for the same soil samples from which the kinetic curves presented in Fig. 3 were obtained. The MPN data show that there was significant growth in the soils that received eucaryotic inhibitors or no inhibitors, but no growth occurred in soils that received procaryotic or both inhibitors. Analyses were also carried out with MPN media containing different concentrations of DNP to detect the presence of two populations of DNP-mineralizing procaryotes in previously untreated samples of soil 1 ( Table 4 ). The data presented in Table 4 indicate that more bacteria could mineralize 2.5 ,ug of DNP per ml than could metabolize 100 ,ug of DNP per ml. When procaryotic inhibitors were added to MPN plates, no organisms capable of mineralizing DNP were detected, whereas MPN plates containing eucaryotic inhibitors gave slightly higher population estimates for DNP mineralizers than the control plates (Table 4) . To further characterize the DNP-mineralizing populations, enrichments for bacteria and fungi were carried out. As expected, no fungi that could mineralize DNP were isolated even after several months of incubation of MPN plates containing procaryotic inhibitors. In contrast to the results from the fungal enrichments, two species of bacteria were consistently isolated from soil 1 and one species was consistently isolated from soil 2. Repeated efforts to isolate other bacteria from these soils always resulted in isolation of the same bacteria. The two bacteria isolated from soil 1 were identified as an unpigmented strain of Janthinobacterium sp. (8, 26 ) and a nocardioform actinomycete tentatively placed in the genus Rhodococcus (6). The Rhodococcus sp. strain M is gram positive, catalase positive, and acid fast when decolorized with 1% sulfuric acid. It undergoes a polymorphic life cycle on solid media, initially forming branching filaments that break up into nonmotile cocci after several days of incubation. The Janthinobacterium sp. is a short, gram-negative rod with several polar flagella. A more thorough description of the Janthinobacterium sp. and a bacterium closely related to the Rhodococcus sp. has been given previously by Hess et al. (8) . Both bacteria were able to mineralize DNP as their sole source of carbon and energy.
Experiments were conducted to compare the growth and mineralization kinetics for DNP mineralization by the isolated organisms with those obtained from incubated soil samples. The results from a typical pure culture experiment with the Rhodococcus sp. is shown in Fig. 4 . The curve presented in Fig. 4 contains the mean data from replicate incubations. The Janthinobacterium sp. had a low P-max and a low Ki, whereas the Rhodococcus sp. had much higher Schmidt and Gier (20) demonstrated that the size of the DNP-mineralizing populations in soil could be estimated by using models of population dynamics. The present study was undertaken to determine if predictions about the kinetic characteristics and diversity of microbial populations obtained from modeling the mineralization of DNP in soil could be substantiated.
The results from studies with inhibitors of procaryotic and eucaryotic activity gave the first indications that fungi were not involved in the degradation of DNP in the soils used in this study. One potential problem with these inhibitor studies was that DNP mineralization occurred in soil even in the VOL. 56, 1990 2696 SCHMIDT AND GIER presence of procaryotic inhibitors. Anderson and Domsch (1) also measured significant respiration in soils treated with inhibitors at concentrations similar to those used in this study. The reduced effectiveness of antibiotics in soil may be the result of several factors, including adsorption to soil particles, degradation by soil microorganisms (1), or a slower rate of diffusion of the antibiotics in soil than in laboratory media. As a result, the procaryotic inhibitors used had a bacteriostatic rather than a bacteriocidal effect on the soil bacterial population. This explanation is substantiated by MPN results presented in Table 3 . In the presence of procaryotic inhibitors, the size of the DNP-mineralizing population remained the same, whereas, in the presence of eucaryotic inhibitors or no inhibitors, a population increase was detected. It is possible that the procaryotic inhibitors used in this study were toxic to DNP-mineralizing fungi in this system. Although this possibility cannot be ruled out entirely, it is relevant to note that the plates containing procaryotic inhibitors showed extensive fungal growth despite the fact that no DNP degradation was observed in those plates. In both soils studied, eucaryotic inhibitors significantly increased the extent of mineralization of low concentrations of DNP ( Fig. 1 and 2 ). The significance and cause of this effect remain obscure, but it should be noted that the rate constant for DNP mineralization was not affected by the addition of eucaryotic inhibitors in either soil (Table 2) . In a previous study, kinetic analyses of mineralization curves suggested the presence of two distinct microbial populations capable of mineralizing DNP in soil 1 (20) . The results from the present study strongly support that hypothesis. In addition to evidence from kinetic analyses and MPN counts, two species of DNP-mineralizing bacteria were consistently isolated from soil 1. These two species of bacteria exhibited very different affinities for DNP as indicated by the values for Ki,m K, and Fxmax obtained from pure culture experiments (Table 5) . It is also relevant that values for Km and K, obtained for the Rhodococcus sp. were almost identical (Table 5) , as would be expected if the rate of DNP mineralization was limiting the growth rate of the organism (21) . This is because Km was measured by using cultures of nongrowing cells, whereas Ks was estimated from experiments done with cells growing on DNP.
The kinetic differentiation between these two organisms in pure culture is consistent with the differences in kinetic parameters seen between soil samples incubated with different concentrations of DNP. The pure culture values for FLmax were very close to those seen in soil incubation studies of DNP mineralization (20) . Similar agreement between Ixmax in pure culture and IXmax for the same organism growing in soil has been noted in studies in which bacteria were added to soil (5) . In contrast, soil incubation estimates for Ks were much higher than K, values in pure culture studies. Other researchers have noted a similar effect of the soil environment on K, values (5) . Presumably this effect is a result of constraints on the rate of substrate diffusion within the soil matrix. Diffusion of substrate in the soil does not affect the magnitude of tmax but does increase the concentration of substrate needed in the system for an organism to attain PLmax, It therefore follows that Ks (the substrate concentration at which an organism attains one-half of Pmax) for a given organism would be greater in soil than in liquid culture.
The magnitude of 11max, however, can vary in response to certain environmental parameters. Even for nonauxotrophic organisms, the addition of growth factors and preformed building blocks can increase the Rmax of an organism on a given substrate (10) . In preliminary studies with the Rhodococcus sp., it was found that a small amount of agar dramatically increased its L.max for growth on DNP. The requirement by Rhodococcus sp. for a low concentration of agar in the liquid culture medium may be attributable to its need for a viscous environment in order to achieve its maximum possible growth rate. It is also possible that this organism required some growth factor that was a contaminant in the agar. This latter possibility is not likely, however, because purified agar was used in all studies and the addition of yeast extract to the medium did not substitute for the presence of agar (unpublished data). Whatever the cause of this growth rate enhancement, the addition of agar allowed this organism to grow at a rate similar to that which it could achieve in soil.
It is unlikely that the two bacteria isolated from soil 1 were ever exposed to DNP prior to their involvement in this study. Thus, their ability to mineralize DNP must be attributable to enzyme systems involved in the mineralization of naturally occurring compounds that are structurally similar to DNP. Other workers have noted a similar propensity for bacteria adapted to naturally occurring compounds to degrade xenobiotic chemicals (3, 19, 27) . Stevens et al. (27) found that the disappearance of dinoseb (2-sec-butyl-4,6-dinitrophenol) was actually faster in uncontaminated soils than in soils that had previous exposure to dinoseb. Schmidt and Gier (20) found that concentrations of DNP above 200 ,ug/g of soil caused a dramatic decrease in the numbers of DNP-mineralizing microorganisms in two soils. It is possible that high or persistent levels of contamination select for one species of bacteria that is best able to deal with the prevailing conditions. This type of selection may lead to a lowered diversity of organisms capable of degrading that chemical in soil. Therefore, uncontaminated soils that are exposed to structural analogs of xenobiotic chemicals may be better reservoirs of organisms capable of mineralizing xenobiotic chemicals over a wide range of concentrations than are soils exposed to high concentrations of xenobiotic chemicals.
Differences in the kinetics of DNP use and presumably in the use of naturally occurring structural analogs of DNP between these two organisms may explain why they are able to coexist in the soil used in this study. If the abilities of these two bacterial species to utilize DNP were similar, then one species should be able to eliminate the other from the system via competitive exclusion (7) (14) . It is important to note, however, that coexistence does not imply that both organisms would be active at the same time in soil. Previous work (20) indicated that both organisms were only simultaneously active at DNP concentrations of around 50 ,ug/g of soil. It is also possible that two bacteria competing for the same resource in soil could coexist simply because of the heterogeneity of the soil environment. Spatial heterogeneity has been shown to be important in the coexistence of organisms in many systems (11) , but very little work has been done on the effects of spatial variability in the soil environment (4) .
The results of this study helped to confirm predictions about the diversity of microbial populations mineralizing DNP in soil 1. It is important to emphasize that modeling is only one tool for understanding the ecology of microorganisms in natural systems. The importance of models is not so much that they exactly describe the system, but rather that they allow us to quantitatively demonstrate a pattern and explain that pattern in terms of population diversity and dynamics. All of the factors that may have contributed to the observed patterns were not included in our models precisely because we wanted our model to be of general applicability. Also, by limiting the number of parameters in the models, it is easier to verify parameter values by using independent measurements (20, 21) .
Another function of modeling is to generate hypotheses to explain the patterns or behavior of organisms in nature (11) . In this study, the hypothesis that two physiologically distinct populations were responsible for the multiphasic kinetics of DNP mineralization in soil 1 was confirmed. In practical terms, the information obtained from this and previous studies (20, 21) demonstrates the power of modeling as a tool for quantifying and characterizing indigenous microbial populations in natural systems.
